The relationship between total phosphorus retention, landscape position of wetlands, and surrounding land-use patterns was explored with the goal of identifying easily determined landscape parameters as indicators of a wetland's role in water quality maintenance. Sediment cores were collected from 14 wetland sites chosen to represent a range of wetland types, wetland position, and surrounding land-use patterns in a small coastal Virginia watershed. Sediment accumulation rates and total phosphorus retention rates were analyzed using ~-~TCs dating and acid extraction techniques. Both sediment accumulation rates and total phosphorus retention rates were found to be comparable to previously reported values for similar wetland types. The landscape analysis did not support the hypothesis that total phosphorus retention would vary with landscape setting and/or wetland type. The wetlands sampled may represent landscape parameters too similar to detect any significant differences. Alternatively, the findings may indicate that in small coastal watersheds, most wetlands perform total phosphorus retention functions to the same level. The management implications of this latter conclusion may be that headwater wetlands are particularly important for water quality functions.
INTRODUCTION
Considerable research has focused on understanding wetland roles in retaining nutrients and pollutants. The ability of wetlands to act as sinks for certain chemicals, sediments, and nutrients has been one of the main motivating factors for wetland protection (Heliotis and DeWitt 1983) . The wetlands surrounding the Chesapeake Bay have been studied extensively, as their role in water quality maintenance may have large economic as well as environmental importance (Horton and Eichbaum 1991) .
While numerous studies have focused on wetland biogeochemistry and internal processes to define wetland water quality functions, research exploring how patterns of land use affect wetland functioning has been relatively limited. In a comparative study of different watersheds, Kratz et al. (1991) suggests that the position of a wetland in the landscape has a great bearing on the internal ecosystem processes of a wetland. This agrees with the basic hypothesis of landscape ecology: the spatial arrangement of ecosystem cornponents influences the processes within these systems (Golley 1988 , Risser 1987 . Accordingly, Detenbeck et al. (1993) found that both the extent and the position of wetlands in a watershed must be considered when determining the effects of wetlands on lake water quality. They further suggested that for nonpoint source loadings, created wetlands could be sited strategically in the lower regions of a watershed to most efficiently protect water quality. Peterjohn and Correll (1984) studied the effects of landscape pattern on distribution of nutrients and found that the extent and location of riparian forests could have a major influence on nutrient dynamics within a watershed.
One parameter used to describe position of landscape components has been surrounding land use. Links between adjacent upland land use and wetland nutrient retention have been made based on the relationship of land use with surface run-off loads (Craft and Richardson 1993, Mitsch and Gosselink 1993) . Numerous researchers have shown that run-off loadings can be adequately predicted based on the dominant land use present in watersheds (Beulac and Reek- how 1982, Rast and Lee 1983). Craft and Richardson (1993) found that soil phosphorus concentrations were two to three times greater in peatlands receiving enriched agricultural runoff compared to peatlands receiving unenriched runoff. In spite of a general assumption that wetland water quality functions are influenced by landscape position and land-use pattern, there is limited information documenting these relationships. This study assesses wetland water quality functioning in terms of long term (30 year) total phosphorus (TP) retention for 14 wetlands in a coastal plain watershed in Virginia. The objective was to evaluate the hypothesis that landscape position and land-use patterns are related to wetland phosphorus retention.
SITE DESCRIPTION
The study area consists of three sub-watersheds located on the Mattaponi River near West Point, VA, USA (Figure 1) . The Mattaponi is a major tributary of the York River, and the reach of the river included in this study is characterized by tidal oligohaline waters. The sub-watersheds are located in the coastal plain of Virginia and are characterized by surficial sandy soils and minimal slopes.
The first watershed consists of West Point Creek, which winds through the town of West Point, Virginia. The watershed includes some small scale agriculture and forested lands interspersed among residential development. Estuarine wetlands dominate the area.
The second and third watersheds, which include Corbin Creek Pond and Burnt Mill Creek, are located across the Mattaponi River from West Point and are dominated by agriculture and forest land uses, interspersed with small groupings of buildings. With the exception of recent limited timber harvesting in the upper reaches of Corbin Creek watershed, these watersheds have seen little development that would affect sedimentation rates over the last thirty years (VIMS, unpublished data). Both watersheds are dominated by palustrine forested wetlands. The lower reaches of the watersheds, along the Mattaponi River, consist of estuarine emergent wetlands. Land use consists of approximately 3% developed, 11% agriculture, 10% pasture, 61% forested, and 15% wetlands.
METHODS
Data used in this study were collected from three sources. National Wetland Inventory maps (NWI 1989) were used to document the location, extent, and type of all wetlands in the study area. The wetlands covered a typical range of wetlands for a Virginia coastal plain watershed and, as defined by Cowardin et al. (1979) , included four palustrine forested (sites A,C,EK), four estuarine emergent (sites B,D,I,M), two palustrine dammed (sites E,J), three palustrine scrub shrub (sites G,L,N), and one palustrine emergent site (site H). U.S. Geological Survey topographic maps (1986) were used to define drainage patterns and to delineate primary watersheds for each wetland of interest. Primary watersheds are defined as the area from which runoff flows directly into the wetland of interest.
The 1989 NOAA Coastwatch data were used to doc- ument existing land-uses. Fourteen categories of landuse are recognized by Coastwatch; however, for this study, five more general land-use categories were derived by grouping tow and high intensity development (developed land), all wetland types (wetland), and all forest types (forest) and maintaining the agriculture (croplands) and pasture (grasslands) categories as discrete land-use types. Groundtruth studies indicated the Coastwatch classification was very accurate for all land uses except forested wetlands. Based on extensive field verification at the sites, the NWI maps were found to be a more accurate wetland delineator than the Coastwatch data. Therefore, for this study, wetlands area was based on the NWI estimates while all other land-use calculations are based on Coastwatch data outside of NWI-delineated wetlands (Table 1) .
Sediment and Phosphorus Retention
Sediment cores were collected in the autumn of 1993 from 14 wetlands chosen for sampling ( Figure  1 ). Sites were chosen to represent the variation in wetland type, as well as differences in surrounding land use. All cores were taken within 1 m of a stream bank in an undisturbed section of the wetland. This position was chosen so that cores would be from hydrologically similar locations in all wetland sites. Two cores, with diameters of 5 and 10 cm, were collected from each site using a 50-cm-long PVC tube. Cores were stored in an upright position and returned to the lab for analysis.
Sediment Analyses
The 10-cm-diameter cores were used for the ~37Cs dating. This enabled the calculation of a 30-year sediment accumulation average. The maximum ~37Cs concentration in a sediment core is interpreted as the 1963 peak in atmospheric fallout from bomb testing. Cores were corrected for compaction assuming a uniform compaction of the core, prior to slicing into 2-cm intervals. Core slices were dried at 105°C for 24 hours to determine percent soil moisture and dry weight. Bulk densities were calculated based on the dry weight and the volume of a 2-cm slice (Allen et al. 1974 ). ~37Cs activity was measured using an ORTEC multichannel analyzer located at the Virginia Institute of Marine Science. Subsamples were counted for 10 hours, and net counts were calculated. Background activity was subtracted from the sample net counts, and resultant values were expressed as counts per minute (CPM). The layer of maximum activity (1963) was determined by plotting CPM versus depth. The depth of sediment above this layer was then divided by the number of years elapsed since 1963 (30 years in this case) to determine an average sediment accumulation rate.
The use of this simple calculation for average sediment accumulation rates assumes a uniform yearly accumulation over the last 30 years. This reasonably presumes that no significant changes to the watershed in terms of development and erosion patterns have occurred over this time period.
Phosphorus Analyses
The 5-cm-diameter cores were used for the total phosphorus analysis and grain size analysis. The cores were immediately placed in a freezer upon returning from the field. Frozen cores were sliced into 3-cm in-tervals, assuming and accounting for uniform compaction. Total phosphorus (TP) was analyzed by extraction from sediments with 1 N hydrochloric acid after ignition at high temperature (550°C) (Aspila et al. 1976) . Concentrations of total phosphorus were calculated in milligrams of phosphorus per gram of sediment. Total phosphorus concentrations were plotted with depth for each site and visually inspected for pattems with depth.
Two performance indicators pertaining to the role of wetlands in phosphorus retention were calculated using the total phosphorus concentrations, sediment accumulation rates, and bulk densities. The first indicator, burial, is a measure of the mean total phosphorus found below the biologically active zone in mass per unit area over time (Eq.1). The biologically active zone was interpreted as that portion of the sediment column below which live roots and rhizomes disappeared and TP concentrations tended to stabilize. For most cores in this study, the biologically active zone occupied the top 15 to 18 cm of the sediment core.
where: BURIAL = SA{(E~= z T~p~)/n}C; (Eq. 1) BURIAL = g TP/mVyr; i = sample; j = sample at bottom of the biologically active zone; z = sample at bottom of core; T = total phosphorus concentration in mg TP/g sediment; p = density in grams sediment/cubic centimeter; n = number of samples from j to z; SA = sediment accumulation rate in cm/yr. C = conversion factor [(g/1000mg)(10000cmV m2)]
The second indicator, loss, is the change in total phosphorus concentrations over time (Eq.2). It is a measure of the amount of total phosphorus removed from the wetland system between the time of initial deposition and long-term retention below the biologically active zone. Grain size fractions were measured using wet sieving and pipetting methods as outlined in Folk (1980) . Percentages of silt, clay, sand, and gravel were determined for each subsample. The Pearson correlation coefficient was used to explore relationships of silt, clay, depth, and total phosphorus. A linear regression in SAS (1985) was used to test for a linear relationship between silt and clay percentages and total phosphorus concentrations.
Watershed Analyses
Principal component analysis and regression were used to test the hypothesis that a relationship exists between land-use pattern and the wetland phosphorus burial/loss functions. Eight variables were used to describe land-use position and watershed characteristics around each wetland sampled. The variables included (1) developed land use, (2) agriculture, (3) pasture, (4) forest, (5) wetland, (6) wetland shape (wetland area: perimeter), (7) wetland distance to the Mattaponi River as a surrogate of wetland type (emergent tidal wetlands are closest to river, forested nontidal wetlands are most distant, and herbaceous nontidal lie in intermediate positions), and (8) the relative wetland area (wetland area:primary watershed area). Component analysis was used to reduce the initial landscape-position variables to a smaller number of principle components for inclusion in subsequent regression. Stepwise multiple regression analysis was used to relate these landscape variables with the wetland phosphorus burial and loss functions. Overall, the statistical analyses were used in an exploratory manner to identify potential relationships between landscape position and wetland phosphorus burial/loss.
RESULTS

Sediment Accumulation and Phosphorus Retention
Interpretable profiles of ~37Cs were obtained from cores from sites D, E I, and J (Figure 2) . Results for these profiles showed average sediment accumulation rates of 3.0, 3.7, 4.3, and 5.6 mm/yr.
Total phosphorus (TP) concentration profiles were constructed for all wetland sites (Figure 3) . Most cores showed relatively low concentrations of TR with a few demonstrating large TP inputs to the wetland system. The general trend of TP concentration in the sediment cores was a decrease with depth consistent with the assumption that some phosphorus would be biologically or chemically mobilized during the early stages of burial. Burial (Equation 1) looks at long-term (30-year) phosphorus retention and is not intended to describe or account for short term (seasonal) changes in TP concentrations. Using the sediment accumulation rates calculated above, the burial and loss calculations also assumed a uniform accumulation rate. Burial ranged from 0.05 to 0.72 g TP/mVyr using the low sediment accumulation rate of 3.0 nm~/yr and from 0.09 to 1.30 g TP/m2/yr using a high sediment accumulation rate of 5.6 mm/yr (Table 2) .
Loss measured the change in TP concentration over time in the surficial sediments or biologically active zone. Loss rates ranged from 0.02 to 1.15 g TP/mVyr, assuming a sediment accretion rate of 3.0 ram/yr. Estimated losses ranged from 0.04 to 2.15 g TP/mVyr if the higher sediment accretion rate of 5.6 mm/yr was assumed ( Table 2) .
The grain size analysis showed the wetlands sampled to be predominantly sandy environments in all but three of the sites (Table 3 ). The Pearson correlation coefficient for silt, clay, and depth found only clay to be significantly correlated with TP (r=0.58, p<0.001, N= 120). Regression of clay content against TP was significant (p=0.005, N= 120) but weak as a predictive measure (r 2 = 0.46). Other well-documented relationships between physical soil characteristics such as pH, Eh, oxalate-extractable Fe and A1 hydroxides, and oxides with TP would likely provide some added insight into the distribution of TP between the different wetlands on an individual wetland scale. However, further study on the relationship between internal wetland processes and TP retention does not address the main objectives and question of this study----how land-use patterns may affect wetland functioning.
Watershed Analyses
All principal components with eigenvalues greater than 1.0 were retained in subsequent analyses. Thus, the original eight watershed variables were reduced to three principal components explaining 85% of the variance (Table 4) wetlands, the wetland to watershed ratio averaged 20: 1. The second principal component (PC2) was positively correlated with the amount of forested and wetland areas, as well as with the ratio of wetland area to wetland perimeter (shape). Principal component 3 (PC3) was correlated with the amount of developed land in the watershed, which was negatively correlated with the distance of the watershed from the Mattaponi River, indicating that most development occurred along the river. All eight of the original variables were accounted for in the first three principal components, leaving 15% of variance between wetlands and watersheds unexplained by the proposed variables. Regression of the dependent variable loss was not significant. The independent variable PC2 retained in the stepwise regression for the dependent variable burial was a weak predictor (Figure 4 ).
DISCUSSION
Sediment and Phosphorus Analyses
The estimated sediment accumulation rates, which range from 3.0 to 5.6 mm/yr, fall well within the re ported range of 2.0 to 8.1 mm/yr (Stevenson et al. 1986, Khan and Brush 1994) for similiar wetlands. It is noteworthy that the estimated rates approximate the measured rate of relative sea level rise in the West Point area of 3.2 mm/yr (Holdahl and Morrison 1974) .
The calculated TP burial rates show a similar, yet broader range of values (0.05-1.30 g TP/m2/yr) than those found in the literature for freshwater wetlands (0.1 to 0.2 g TP/m2/yr, Nichols 1983; 0.005 to 0.24 g TP/m2/yr, Richardson 1985) and palustrine forested wetlands (0.17 to 0.3 g TP/mVyr, Peterjohn and Correll 1984) . The similarity of calculated values to previously reported values from similar systems lends confidence to the calculated TP retention rates in this study. Unlike some of the reported studies, surficial sediments (<10 cm) were not used as the basis for estimating retention in this study. Surficial total phosphorus concentrations are indicative of short-term storage in the system and may be influenced by plant uptake, decomposition, and microbial activities as burial progresses (Walbridge 1991) . The values reported here represent long-term retention (>30 years) based on sequestration below the biologically active zone. Cowardin et al. (1979) : PF = palustrine forested; EE = estuarine emergent; PH = palustrine dammed; PSS = palustrine scrub shrub; PE = palustrine emergent. Site refers to areas located on Figure 1 Wetland functions are generally considered to depend on both opportunity and capacity to perform. In this study, we hypothesized that wetland TP retention might vary in a predictable manner with some easily Table 3 . Average sediment grain size of each site. Type is defined by Cowardin et al. (1979) : PF = palustrine forested; EE = estuarine emergent; PH = palustrine dammed; PSS = palustrine scrub shrub; PE = palustrine emergent. Site refers to areas A-N located on Figure 1 . Bulk density is in g/cm 3. Principal Component 2 (undisturbed land) Figure 4 . Best fit model of stepwise regression for dependent variable burial indicating that the area of the surrounding undisturbed land may be an indicator of wetland TP burial functions. In this case, the data indicate that high surrounding land use indicates low burial.
Mattaponi River served as simple indicator of type: emergent tidal wetlands being closest to the river, forested nontidal wetlands being most distant, and herbaceous nontidal lying in intermediate positions.
The fact that none of these parameters proved to be significantly correlated with TP retention in the wetlands may indicate that different types of wetlands in different landscape settings perform similarly in total phosphorus retention. Alternatively, the wetlands sampled in this study may not have represented a sufficient portion of the spectrum of potential variation in landscape parameters to allow discrimination of total phosphorus retention between wetlands. For example, while overall forest coverage for the subwatersheds ranged from 5 to 96%, many of the subwatersheds have greater than 50% forest coverage (see Table 1 ). This minimal variation in land-use coverage results from the choice of a typical small coastal watershed for analysis. The use of a larger and more diverse watershed would greatly increase the power of the exploratory data analysis.
If one assumes that tidal and nontidal wetlands, at least in the Mattaponi River watershed, retain total phosphorus at approximately the same rates regardless of watershed position and surrounding land use, headwater wetlands may be viewed as particularly important for water quality purposes. Wetlands near the headwaters of a watershed remove phosphorus that might otherwise be recycled numerous times during its transport through the system. At a minimum, headwater wetlands remove phosphorus that will be in the system for the longest period of transit.
